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INTRODUCTION 
It has been observed that rat kidney cortical tissue in ~tro may show an 
accumulative process with  respect to  S  3~ when radiosulfate  ion is present in 
the incubation  medium  (1).  Since little  is known about this process, experi- 
ments  described  in  the  present  report  were  undertaken  to  characterize  it 
further. Whether S  85 uptake by kidney tissue in ~tro should prove to reflect a 
more  or less  specific anion  transport  mechanism of  interest  to  renal  physi- 
ologists, or is related to some unknown but more general aspect of sulfur me- 
tabolism,  it seemed worth  while to describe  the process in  more detail  as  a 
background  for  its  further  analysis. 
Metkods 
The technique employed was similar to the method used in experiments described 
previously (1).  Renal tissue was obtained from albino rats,  as well  as from other 
mammals (dog,  rabbit, guinea pig), from two species  of Amphibia (Rana pipiens, 
Neauru3 maculosus), and one reptilian species (Pseudomys sp.). Animals were either 
anesthetized before exsanguination (ether--rat, rabbit, guinea pig; nembutal--dog) 
or pithed (amphibians, turtles, infant rats). The kidneys were removed, placed in a 
moist chamber until use, and then sliced in such a  manner as to prepare strips of 
renal cortex (mammals) or whole kidney (amphibia, reptiles)  approximately 0.3  to 
0.4 ram. in thickness. In general, tissue slices were transferred to Warburg flasks within 
5 to 15 minutes after removal of the kidneys from the donor animal. In some experi- 
ments, however, the kidneys were stored in a moist chamber at 20 to 29°C. or at 38°C. 
for known periods of time up to 5 hours. Slices prepared in this manner were incubated 
in Warburg flasks in media which  varied, in different experiments, with respect to 
pH; osmotic pressure; character and concentration of anions; presence or absence of 
substrates, metabolic inhibitors, etc. Such media contained specified concentrations 
of Ss~O,, obtained in carrier-free form from the Carbide and Carbon Chemicals Corn- 
* This investigation was supported by a research grant,  ~H-2061, of the National 
Heart Institute, Public Health Service, and also by a grant from the Higgins Fund. A 
preliminary report was presented at the September, 1955, meeting of the American 
Physiological  Society. 
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pany, Oak Ridge, Tennessee.  Following incubation for a  defined period at known 
temperature and  with oxygen atmosphere,  the  tissue slices were  removed quickly 
from the Warburg flasks. Aliquots of the tissues were blotted lightly, weighed, and 
either dried on tared aluminum f0il cups or extracted for at least 24 hours with distilled 
water. The concentrations of radiosulfur in tissue extracts and media were determined 
according to the method described earlier (1), using 100/zl. aliquots of extracts and 
correspondingly diluted media dried on lens paper discs attached to aluminum plan- 
chets with concentrated glucose  solution (40/A. of 20 per cent glucose). Activity  measure- 
ments  were  made  with  a  hellum-isobutane flow counter  (Professional Instrument 
Corporation).  From  the  results, and  using wet  and  dry weight data obtained  on 
aliquots of tissue dried for 2 hours at 100-110°C., volumes of distribution of $3504 in 
the tissues under given conditions were calculated. In every case, results were ex- 
pressed as "tissue relative sulfate volume" in per cent, i.e., the ratio of the virtual 
volume of distribution of S  ~5 in the tissue to measured tissue water, times  100.  In 
addition, the absolute value of the tissue S  ss space was calculated as microliters per 
milligram of tissue dry weight. Sources of error in the measurements outlined here 
have been discussed elsewhere (1, 2). 
The conditions under which $8504 uptake  1 were tested were selected for a  variety 
of reasons. In order to determine whether the phenomenon has any generality beyond 
its occurrence in rat tissue, the experiments on other species mentioned above were 
performed. More detailed analysis of the accumulation in the rat involved the use of 
adult and newborn animals, and tissue stored for varying lengths of time before incu- 
bation. Previously, cations had been found to affect markedly the rate of $8504 up- 
take, and therefore parallel studies were made of anionic effects. In these experiments, 
special attention was given to the effect of sulfate ion itself. The variations in $3~4 
uptake resulting from alterations in medium pI-I and osmotic pressure were outlined. 
Some substances known to affect the accepted in vitro renal accumulative processes 
for PAH and phenol red, and/or the transport mechanism in ~ivo (reabsorption) for 
SOW were tested for their effect on tissue relative S3rO, volume. In order to simplify 
the presentation, details of the manner in which such tests were carried out have been 
included in the description of results which follows. 
RESULTS 
(a)  Occurrence of $3504 Uptake in Various Species.--Using renal tissue from 
seven  vertebrate species,  it was  possible to  demonstrate  that  S 86  uptake  in 
the presence of 0.04 ~  KCI and 0.22  ~  sucrose occurred in all the mammals 
tested. When NaCI was used, in place of sucrose, to balance the osmotic pres- 
sure of the incubation medium  at a  level of approximately 300  m.os~/liter, 
significantly less S  a6 uptake occurred than when NaC1 was absent. These results, 
1 In the present report, as previously (1), the terms "radiosulfate accumulation" 
and "$3~), uptake" will be used to designate the process whereby the ratio of tissue 
S  35  concentration  to  medium  S  ~5 concentration  achieves values greater than  1.00, 
without necessary implications as to  the mechanism  involved (exchange of S  3s for 
S  ~ in labile tissue compounds or complexes; or actual net incorporation into the tissue 
of sulfate from the medium, in the form of sulfate ion itself or other sulfur compounds). INC.RITH  J.  D~..YRUP  895 
which are consistent with those described previously for the rat (1), are sum- 
marized in Table I. Slight or negligible accumulation of S  s~ was seen in the 
case of  the  turtle,  frog,  and  Necturus  kidneys  when  the  renal  slices  were 
incubated in media having relative KC1 and sucrose concentrations identical 
with  those used for mammals, but with  a  total  solute  concentration of 234 
m.os~/liter (amphibians)  or 266 m.os~/liter (turtles).  Since experiments with 
renal tissue from the poikilothermic vertebrates were carried out at 20-26°C., 
instead of 37 °, as in the case  of mammalian kidney  cortex,  a  series  of  four 
TABLE I 
Tissue Relative S*~O~ Volume in Various Verlebrate Species 
Renal tissue incubated for 30 minutes with oxygen  atmosphere. 
Species 
Frog 
Necturu$ 
Turtle 
Rat--Newborn 
Adult 
Guinea pig 
Rabbit 
Dog 
No. of experiments  Temperature of 
incubation 
Tissue relative S  s~ 04 volume (per cent) 
in 
KCI +  sucrose 
*C. 
20-22 
37 
22-24 
24-26 
37 
37 
162  4- 
130 4- 
134 4-  68 
245  4-  23 
272  4-  104 
1823 4- 354 
KCl + NaCI 
21  168 4- 
22  136 4- 
149  4- 
169 4- 
152  4- 
510 4- 
52 
19 
17 
49 
30 
62 
20-22 
37 
37 
37 
1859 4-  250 
882  4-  132 
435  .-t--  79 
638 -4- 209 
560 4-  125 
380 4-  46 
181  -4-  39 
2684-  50 
experimen~ were performed using rat cortex in the lower temperature  range. 
As shown in Table I, no significant difference existed between the tissue relative 
SS504 volumes in tests at these two temperature ranges.  It was interesting to 
find that, in observations on six newborn (24 hours old) rats, the tissue relative 
sulfate volume was very low. As yet,  no  information is  available  as  to  the 
time at which the infant rat kidney acquires the adult order of magnitude of 
S  35 uptake. Experiments along these lines are planned, however. 
(b)  Effect of Duration of Storage  of Renal  Tissue before Incubation.--When 
renal tissues of rats and rabbits were stored in moist chambers at room tempera- 
ture (20-29°C.) for as long as 5 hours, relatively little  change was found, on 
subsequent incubation, in their capacity to accumulate S  as. On the other hand, •100 
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storage of the kidneys at 37°C. for 2.5 to 5 hours reduced S  8s uptake, markedly 
in the case of the rat, and significantly in the rabbit (Fig. 1). 
(c) Effect  of  Variation  of ptI  of the Incubation  Medium.--Renal  cortical 
strips were incubated in media of varying pH in  the presence or absence of 
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FZO. 1. Results of experiments in which rat and rabbit renal tissue was stored at 
room temperature or at 37°C. for 2.5 to 5 hours before incubation. Data plotted are 
tissue relative sulfate volumes, expressed  as per cent of control measurements made 
with tissue incubated immediately after removal from donor animal. Results of four 
experiments with rat kidneys and six experiments with rabbit kidneys. Lengths of 
vertical lines drawn through plotted mean values represent twice the magnitude of 
the standard deviations. 
bicarbonate, phosphate, or tris(hydroxymethyl)aminomethane as members of a 
buffering system. All media were 0.04 M with  respect to K +,  and  contained 
sucrose to allow a  final concentration of the medium of ca. 300 m.os~/liter. 
It was found that the tissue relative $8504 volume varied appreciably with the 
pH of the medium, measured at  the  end of the incubation  period  (Fig.  2). 
Between pH 6.0 and 7.0, a high uptake of S  86 was noted in unbuffered and "tris"- 
and  bicarbonate-buffered media.  Above pH  7.0,  the  tissue  relative  sulfate INGRITH  J.  DEYRUP  897 
volume fell progressively. Tissues  incubated in  media  containing phosphate 
showed significantly lower S  35 uptake than cud the samples in phosphate-free 
media of corresponding pH. 
(d)  Effect  of Osmotic Pressure  of the Medium.--When  renal cortex was in- 
cubated in media constant with respect to $3504 and KC1 (0.04 m) concentra- 
tion but varying over a wide range in final sucrose concentration, it was found 
that the tissue relative $8sO4 volume varied markedly. Concomitant alterations 
in tissue hydration occurred as well. Because  sucrose itself  is  not known  to 
FIG. 2. Effect of pH on tissue  relative $3r~34 volume.  Incubation for 30 minutes, 
oxygen atmosphere,  37°C.;  incubation  medium--O.04  ~  K  +  with  varying anions 
(CI-, HCO~, or phosphate) and sucrose to bring total concentration to 300 m.os~s/ 
liter. Means and standard deviations as in Fig.  1. 
have any specific effect on the apparent accumulation of $3sO4 in renal slices, 
the  results  were  ascribed  to  differences in  over-all osmotic pressure  of  the 
medium. A summary of the data is presented in Fig. 3. Here it may be noted 
that tissues in media approximately isosmotic with plasma  (300 m.os~/liter) 
showed S  85 uptakes which were slightly lower than those of cortical strips in- 
cubated in somewhat more concentrated media (386 m.os~/liter). Both below 
and above this range of osmotic pressure, the measured concentration of S  85 
in  the  tissue  slices decreased,  so  that  tissue  relative  sulfate  volumes  were 
found to be very low in the most dilute as well as in the most concentrated of 
the media tested. 
(e)  Effect  of  Various  Anions.--In  experiments in which incubation media 
were maintained at a constant concentration of K + (0.04 M) and sucrose (0.22 898  S85-LABELLED SULFATE  UPTAKE  BY  RENAL  TISSUE 
M),  the anion accompanying K +  was varied and the effect on tissue relative 
sulfate volume observed. The results are summarized in Table II, which in- 
dudes, for comparison, some data from the pH series discussed above. It may 
be seen that, of  the  anions  tested,  I-,  phosphate,  and NOB-  depressed  the 
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FIG. 3. Effect of osmolarity of medium on tissue water content and relative sulfate 
volume. Results of twenty-six experiments, six tests at every concentration, except 
for seventeen tests at 300 m.osM/liter.  Tissue water content was calculated as (milli- 
grams of tissue water)/(milligrams of tissue dry weight), and expressed  in the graph 
in  relative  units,  with  control  (unincubated)  water  content  =  1.00. Means  and 
standard deviations as in Fig.  I. 
tissue relative sulfate volume as compared with its level in KCl-sucrose solu- 
tions. Arranging the anions according to the uptakes of S  ~5 by renal tissue in 
solutions  containing  them,  an approximate series was obtained  as follows:-- 
Cl-, Br-, HCOa- >  I- >  phosphate, NOa- 
Of all anions, of course, it might be supposed that sulfate itself would have 
the most critical effect upon the tissue to medium concentration ratio for S a~. 
Consequently, in fourteen experiments the concentration of SO~ in the medium INGRITH J.  DEYRUP  899 
was varied from 10 ]zM to 5 mM, while the concentration of K + (0.04 x¢) was kept 
constant and the balance of anions and osmotic pressure of the medium was 
provided by C1- and sucrose. The uptake of S  35 under  these  conditions  was 
measured after 0.5,  1.0,  and  1.5  hours of incubation.  Representative results 
are summarized in Fig. 4 and Table III. In general,  as might be expected,  the 
ratio of apparent  concentration  of S  35 in  tissue water as  compared with  the 
medium was found to be highest at low concentrations of SO~ in the bathing 
solution, and to fall as the external SOg" concentration rose. At external S04  = 
levels of 10 to 50 #~, continued incubation over the course of 1.5 hours resulted 
in a progressive rise of the ratio (concentration of S  ~6 in tissue water)/(concen- 
tration of S  36 in medium). This ratio, which will be designated as R, in the dis- 
TABLE II 
Effect of Anions on S s5 Uptake  by Rat Renal Cortical Strips 
Incubation  for 30 minutes with oxygen atmosphere, 37°C. 
Composition  of incubation  medium 
0.04 M  KC1, 0.22 x( sucrose 
0.04 g  KBr, 0.22 ~  sucrose 
0.04 ~  KI, 0.22 g  sucrose 
0.04 M  KNO3, 0.22 M  sucrose 
0.04 M KHCOs, 0.22 ~ sucrose, adjusted to pH 
6.02-6.42 
0.04 ~ K, as KH,PO,/K~HPO4,  0.22 ~ sucrose, 
at pH 6.25-6.40 
No. of  1  experiments 
8 
6 
6 
6 
4 
Volume  of Su distribution  in 
renal thsue 
Per cent of  tissue water 
1823 4-  354 
1618 4- 418 
1338 4-  186 
587  4-  129 
1766 4-  249 
630  -4-  59 
~l./mg. dry  weight 
46.1  4-  9.6 
41.7  4-  5.7 
33.2  -4- 5.0 
15.3 -4- 2.9 
52.9  -I- 8,0 
16.5 -4- 2.0 
cussion  to follow,  was found  to  show  little  or  no  increase  with  lengthening 
incubation  time at  higher medium  SOg"  concentrations  (125  to  5000  /~). 
These results, presented in Fig. 4, bear on the question of the mechanism of S  35 
uptake by tissue.  If the accumulation of S  35 resulted entirely from  exchange 
of radiosuifate (or radiosulfur) with labile sulfur-containing compounds in the 
tissue,  it might be expected that,  for any incubation  time t,  if the  absolute 
SuO4 concentration in the medium is held fixed and very small in comparison 
to total sulfate concentration, as in the present experiment, the ratio R, should 
be inversely proportional to the  total concentration  of SO~ in  the medium. 
On the basis of these assumptions, then, a plot of Re against 1/(concentration 
of SOC in medium) should be linear. In the results obtained and summarized 
in Fig. 4, however, this was not the case. The curves obtained appear to be in 
at  least  qualitative  agreement with  the  existence  of  a  second  hypothetical 
mechanism  for  S  ~  accumulation,  namely,  net  uptake  from  the  medium  in 
parallel with non-active SO4" in a process involving an upper limit for absolute 900  S35-LABELLED  SULFATE  UPTAKE  BY  RENAL  TISSUE 
accumulation.  Thus, it may be assumed that the apparently high volumes of 
distribution of S 35 in the tissue could be accounted for by an actual uptake of 
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FIG. 4. Relationship between reciprocal of medium SO4- concentration and tissue 
to medium concentration ratio for S  ~. The group of curves designated A, and  the 
upper figures on the abscissa, relate  to experiments  carried out at a  medium SO4" 
concentration range of 10 to 125 #rr. Curves designated B, and the lower figures on the 
abscissa, relate to experiments with medium SO~ concentration range of 125 to 5000 
p~s. Oxygen atmosphere, 37°C., incubation times 0.5 to 1.5 hours. 
sulfate by the renal cells, in an  amount  U  calculated  for  each  tissue  sample 
as follows:- 
let M  =  medium concentration of SOC ~g./gl.) 
W  =  tissue water content Cul.) 
W/D  -- the ratio of tissue water to dry weight (~tl./~tg.) 
R8 (concentration of S  ss in tissue water) /(concentration of S  3~ in medium). 
then 
U  =  M  (W/D)  (R, --  1.00) gg. S04"/pg. tissue dry weight. INGRITH  J.  DEYRUP  901 
It should be noted that a correction was applied to the factor R, on the basis of 
the observation that, if metabolic activity of the tissue is depressed or if condi- 
tions are not favorable for S  36 accumulation, the volume of distribution of S  85 in 
renal  cortical  tissue  always approximates the  total volume of  tissue  water. 
Therefore, the ratio R, was reduced by 1.00 to correct for passive distribution 
of S  a6 in tissue water apart from the more specific uptake process implied. In 
TABLE III 
Apparent Sulfate Uptake by Renal Tissue 
Calculated as amount of sulfate accumulated from medium in order to account for ob- 
served  tissue  to  medium  S  a~ ratios.  Incubation  in  oxygen atmosphere, 37°C.  Figures in 
parentheses indicate numbers of experiments from which means were derived. 
Medium SO,-  Apl~rent uptake (/~g. SO,-/mg. tissue dry weight) during incubation period of 
concentration/ZM 
30 rain. 
10 
50 
125 
500 
1000 
2500 
5000 
0.34 X 10-1 
4.0.03 
1.56 X 10  -1 
4. 0.28 
3.15 X  10-1  (4) 
4.0.60 
8.86 X  10-  I  (2) 
(8.17-9.55) 
11.02 X  10-  I  (4) 
4- 1.88 
11.42 X  10-1  (4) 
"4- 4.05 
13.33 X  10-1  (2) 
(10.8-15.9) 
6o min. 
(4)  0.47 X 10-1 
+  0.07 
(4)  2.13 X 10  -1 
-4- 0.26 
3.73 X  10-1  (4) 
4" 0.51 
9.64 X 10-1  (2) 
(9.51-9.78) 
10.04 X  10-1  (2) 
-4- 2.99 
12.78 X  10-1  (4) 
4.3.48 
19.5 X  10-1  (2) 
(11.8-27.3) 
90 min. 
(4)  0.59X  10-1  (4) 
+  O.lO 
(3)  2.26 X 10-  t  (4) 
+0.40 
3.92 X  10  -1  (4) 
-4- 1.19 
8.33 X  10-- ~  (2) 
(6.74-9.92) 
9.58X  10-1  (4) 
+3.64 
12.40 X 10-1  (4) 
+1.29 
11.2 X  1o-I (2) 
(10.2-12.2) 
the calculation of U, tissue dry weight was chosen as a reference point because 
of the significant variation in tissue hydration which can occur under varying 
test conditions.  Results of  this  computation  are  summarized  in  Table  III. 
The figures suggest that under the conditions of the experiment, there exists a 
roughly defined upper~hmit of sulfate uptake by kidney slices, having a magni- 
tude of the order of 0.9 to 2.0/~g. SO4- per rag. of tissue dry weight. The curves 
shown in Fig. 4  could, then, be explained by the supposition that tissues in- 
cubated for 30 minutes or longer i  n media 500 to 5000 p~ with respect to sulfate 
had attained this maximum, but that in media of 10 to 125 ~  sulfate concen- 902  SSS-LABELLED  SULFATE  UPTAKE  BY  RENAL  TISSUE 
tration the limit was not reached during any incubation time tested (30 to 90 
minutes).* 
(f)  Effect  of Some Substances Altering SOg" Reabsorption in vivo and Renal 
Accumulation  in vitro  of PAH  and Related Compounds.--In  order  to  outline 
the action on tissue relative S~504 volume of substances known to affect estab- 
lished renal accumulative processes in vitro (4-6, and others) and tubular sulfate 
reabsorption as it has been described in the dog (7, 8), tests were carried out 
with  various  compounds  which  may  be  classified  as  substrates,  inhibitors, 
competitive inhibitors,  or related compounds (Table IV). In addition,  studies 
were made of the effect of m-aminophenol, a  substrate  which  is conjugated 
with inorganic sulfate by rat liver homogenate in vitro  (9). 3 In general,  only 
one medium concentration of each substance was utilized.  Comparisons were 
made between  the  conditions  of presence  and  absence  of  the  test material, 
with maintenance of constant K + concentration, pH range, and osmolarity of 
the medium, as well as total Na  +  concentration  in  the  experiments in  which 
sodium salts of metabolites were used (part II, Table IV). It may be seen that, 
of the  substances  tested,  only one  produced an enhancement  of radiosulfate 
uptake.  This was phlorhizin,  which  had  a  marked  effect  in  the  absence,  as 
well as in the presence of exogenous monosaccharides (Tables IV and V). The 
inhibitors DNP and Hg  ++ had a strongly depressant action, in agreement with 
previous studies with CN-  (1).  In the presence of sodium salts of metabolic 
intermediates (sodium pyruvate and acetate, and sodium salts of tricarboxylic 
acid cycle intermediates) apparent radiosulfate accumulation was significantly 
lower than in media of equal sodium concentration but  without  the  organic 
anions. The two amino acids tested and ATP had a slight to marked depressant 
action on mdiosulfate uptake,  as did m-aminophenol.  Diodrast  was without 
significant  effect.  Additional  preliminary  experiments  with  phenol  red  and 
p-aminohippurate, not included in the table, indicated that these compounds 
Although it would  be tempting to caU such an upper limit an accumulation or 
transport maximum, the data presented do not justify such an obvious analogy to 
renal transport mechanisms in ~ivo. It must be noted, too, that the maximal amounts 
of sulfate calculated as taken up by renal tissue are much lower than those listed in 
Table II of the previous publication on this subject (1). In the earlier work, the "appar- 
ent sulfate uptake" was calculated as per cent of the tissue sulfur, which, in turn, had 
been estimated as of the order of 0.2 per cent of the tissue wet weight (3).  Unfor- 
tunately, in the preparation of the manuscript an error was incorporated so that the 
data were given as if the apparent sulfate uptake was calculated in terms of per cent 
of the dry weight itself. Most regrettably, this error resulted in figures which were too 
high by a factor of 102. 
The author wishes to express gratitude to Dr. Gilbert Mudge and Dr. John Tag- 
gart for suggesting  some of these compounds, and for supplying purified samples of 
m-aminophenol and diodrast, as well as the "tris buffer" used in the series of experi- 
ments on pH. Other compounds were obtained from commercial sources. INGRITH  J.  DEYRUP  903 
had no demonstrable action on S  8~ accumulation when compared with suitable 
control media containing equal concentrations of sodium ion. 
Additional studies were made of the effect of incubating tissues in solutions 
containing various monosaccharides or mannitol, at a  concentration of 0.22 
M, in place of sucrose (part I, Table V). Such tissues showed a striking depression 
TABLE IV 
E~ec~s of Various Compounds on Tissue Rdativ¢ S~04 Volume of Rat Renal Cortex 
Incubation for 30 minutes,  oxygen atmosphere,  37°C. 
Substance tested  Concentration of 
test substance 
No.  of 
experiments 
Calculated volume  of distribution of Su in 
tissue 
! 
Per cent of water [  gl./mg,  dry wt. 
I.  Medium ffi 0.04 M KC1 -[- 0.22 xr sucrose -4- test substance 
None 
Glycine 
Glutamic acid 
ATP 
m-Aminophenol 
Diodrast 
Phlorhizin 
DNP 
HgCl2 
1.5X  10  "-s 
1.5X  10  ~ 
1.0  X  10  -3 
1.0X  10  -2 
2.0 X  10  -3 
4.5 X  10  -4 
4.5 )<  I0  -'a 
5.0 X  10  -6 
1.0 X  10  -3 
17 
6 
6 
6 
4 
4 
3 
6 
4 
6 
1909  4-  377 
1541  -4-  218 
1156  -4- 384 
1313 -4-  253 
1546  4-  149 
1698  .4-  461 
2592  4-  100 
2955  4-  397 
254  4-  46 
333  4-  97 
47.6  4-  8.7 
43.6  4-  4.6 
30.4  4-  5.0 
34.7  4-  8.6 
37.6  4-  3.9 
38.2  4-  8.9 
54.9  (41.6-61.4) 
69.6 4- I0.7 
6.3  -4-  1.1 
7.1  4-  2.3 
II.  Medium  =,  0.04 M KCI+ 0.045  ~r Na  + +  various anions  (metabolic intermediates 
or C1-)  +  sucrose to give a  final medium  concentration of ca.  300  m.osH/liter. 
None 
Pyruvate 
Acetate 
Citrate 
a-Ketoglutarate 
Succlnate 
Malate 
1.5 X  10  -~ 
1.5 X  10  "~ 
1.5X  10  ~ 
1.5 X  10  ~ 
1.5 X  10  -~ 
1.5 X  10  -2 
731  q-  25 
546  4-4-  13 
543-4-  91 
266  -4-  58 
305  -4-  33 
267  4-  37 
291  -4-  30 
18.5  -4-  5.5 
13.2 -4-  1.2 
13.6 4-  1.7 
7.2 4-  1.8 
8.4 4-  0.8 
7.4 -4-  1.7 
7.8  -4-  0.5 
of  tissue  relative  sulfate  volume,  which  was  only  partially  reversed  by  the 
presence  in the medium  of phlorhizin at  a  concentration  of 4.5  ×  10-3 u.  It 
was  noted,  however,  that  all  the  tissues  were markedly  hyperhydrated  after 
incubation  in  KCl-monosaccharide  solutions,  in  agreement  with  previous 
observations (2). Since tissues hyperhydrated in dilute sucrose solutions showed 
much  smaller virtual volumes of distribution  of radiosulfate  than  did control 
tissue  (Fig.  3,  above),  it seemed  necessary  to  check  the  described  results  of 
KCl-monosaccharide  incubation  against  data  from  experiments  in  which 
tissue  swelling did not occur.  Consequently,  parallel tests were carried out in 904  S35-LABELLED  SULFATE  UPTAKE  BY  RENAL  TISSUE 
which, in-addition to a  monosaccharide or  mannitol,  sucrose  was  present  in 
the medium in a concentration of 0.22 M, so that the final concentration of the 
medium with respect to carbohydrates was 0.44 M (part II, Table V). Under 
these conditions, the renal cortical strips showed an equal or lesser water con- 
tent after incubation, as compared with non-incubated tissue, and tissue relative 
sulfate volumes were significantly higher  than  in  the  case of hyperhydrated 
tissues.  In  the  presence  of monosaccharides,  the  relative  sulfate  volumes 
TABLE  V 
Effect of Carbohydrates  and Mannitol on Calculated  Volume of Distribution of S a5 in  Tissue 
Incubation  for  30  minutes,  oxygen  atmosphere,  37°C.;  KCI  concentration  -  0.04  M; 
carbohydrate concentration ffi 0.22 M. 
•  ~  ~f~n~Phl°rhizin  absent  Phlorhizin4.5  X 10-sgpresent 
Carbohydrate used 
xer cent  wate  tissue dry ~eight Per  of water  #l/rag.  tissue 
cent  dry weight 
(i) 
Sucrose 
Glucose 
Fructose 
Galactose 
Xylose 
Mannitol 
1909  4-  377 
364  4-  42 
463  4-  147 
394  -4.  78 
226  -4-  32 
565  -4-  90 
47.6  4-4- 8.7 
17.0  4-  2.9 
21.7  4-  7.9 
22.5  4-  7.6 
10.9  -4-  1.2 
28.6  4-  2.7 
2955  4-4- 397 
412  -4-  54 
550  -4-  199 
262  4-  17 
1299  -4.  365 
69.6  -4-  10.7 
18.4  -4-  1.8 
23.4  -4.  9.5 
13.4  -4.  1.3 
47.2  -4-  9.8 
(Ii) 
Sucrose +  glucose 
Sucrose +  fructose 
Sucrose +  galactose 
Sucrose +  xylose 
Sucrose +  mannitol 
1391  -4-  372 
976  q-  83 
1553  -4.  251 
796  -4.  161 
2082  -4.  109 
32.7  -4.  9.8 
19.7  4-  3.2 
31.9  -4.  4.3 
19.2  4-  3.9 
50.7  -4.  5.7 
3111  -4-  357 
2531  -4-  425 
3241  -4-  316 
1555  4-  154 
3503  -4.  346 
71.3  4-  4.8 
50.5  -4-  6.9 
68.1  -4-  5.2 
38.1  -4.  7.6 
93.4  -4-  40.6 
were lower than the controls, but were restored to the control level by phlorhi- 
zin in the case of all monosaccharides except xylose. On the other hand,  the 
presence of mannitol in  the medium did not appear to affect tissue relative 
sulfate  volume  if  tissue  hyperhydration  was  prevented. 
DISCUSSION 
The  data  summarized  in  the  present  report  broaden  the  interest  of  the 
phenomenon of rapid in vitro uptake of radiosulfate by renal tissue,  for  this 
process, previously shown to occur in the rat, takes place in the case of certain 
other mammalian species as well. Renal strips from species other than the rat 
did not show nearly as great a maximal uptake as did rat tissue, but it must be INGRITH  J.  DEYRU~  905 
stressed that approximately optimal incubation conditions for rat renal cortex, 
established in a previous study (1), were used as a basis for comparing the tissues 
of different mammalian species. No systematic search for optimal composition 
of incubation media was made in the case of the guinea pig, rabbit, and dog, 
although such a search might have revealed that higher tissue/medium concen- 
tration gradients for $8504 could occur than were actually  observed. No evidence 
was obtained that significant $3504 uptake takes place in the case of amphibian 
mesonephric tissue in vitro, and only a slight accumulation was noted with the 
reptilian kidney. These findings are, of course, subject to the limitations men- 
tioned in connection with the comparison  of mammalian species. Although it 
might be of interest to seek widely among various vertebrate kidneys for the 
presence or absence of the capacity to "accumulate" S  3~, it appears that the 
limited results of the experiments  described in the present report give a con- 
clusive  negative answer  to  the question as  to  whether the phenomenon is 
peculiar to the albino rat. Until the physiological basis for the observed finding 
is elucidated more fully, it cannot be assumed that a  further search  would 
yield results sufficiently valuable to warrant the effort which they would entail. 
Mechanisms leading  to  S  35  concentration gradients between mammalian 
renal tissue and medium appear to be quite stable at room temperature, but 
to disintegrate fairly rapidly in whole kidneys removed from the donor animals 
and stored at 37°C. This observation recalls  the known differences between 
renal tissues stored at room temperature and at 38°C. with respect to capacity 
to readjust disturbed tissue fluid mass in vitro (10). The low level of apparent 
S  s~ accumulation in kidney slices from infant rats may be related to the many 
observations  indicating that the rat at birth is far from having achieved an 
adult pattern of renal function (11). Further studies to determine the time 
after birth at which  significant  S  8b uptake begins  to be demonstrable  may, 
perhaps,  furnish a clue as to the nature of the process itself. 
In order to outline effects of pH and osmolar  concentration of the medium 
on radiosulfate accumulation, ranges of pH and osmotic pressures were tested 
varying widely beyond the physiological limits assumed to occur in the case of 
extracellular fluids.  Such  a  departure  from presumed  "normal" conditions 
appears warranted in a formal analysis of factors affecting the process, and in 
view of the fact that thenormal environment  of renal cells hasnever as yet been 
defined. It was noted that S  ss uptake fell off sharply at a pH above 7.2. It 
may be recalled that other workers have found different pH characteristics of 
renal accumulative processes in vitro. Thus, Cross and Taggart (5) noted rela- 
tively constant and maximal PAH accumulation in the pH range 7.0 to 7.8, 
whereas Beyer and coworkers (12) found 7.8 robe the optimal pH for phenol 
red secretion  by guinea pig kidney slices. Mudge (4)  observed  progressively 
increasing levels of K + accumulation as the pH of buffered incubation media 
rose from below 6.5 towards 8.5. Knowledge of the effect of tissue swelling or 906  SS6oLABELLED SULFATE  UPTAKE  BY  PENAL  TISSUE 
dehydration on S  ss uptake in solutions varying with respect  to  concentration 
and/or the presence of penetrating solutes seemed essential  in the interpreta- 
tion of results  of experiments  in  which  NaC1, monosaccharides,  etc.  were 
utilized. 
Detailed interpretations of anion effects on tissue  to medium concentration 
ratios of radiosulfate are difficult to make at the present time. Because other 
in ~itro  processes related to electrolyte exchanges of kidney tissue show anion 
sensitivity, it is quite possible that this phenomenon may prove to be relatively 
non-specific in character. On the other hand, the pattern of radiosulfate uptake 
in the presence of various anions is quite different from the effects observed by 
Taggart and coworkers  (13) in connection  with PAH accumulation, and by 
Mudge (4) for K  + uptake by kidney slices in vitro. Thus, PAH uptake is slightly 
depressed by phosphate as compared  with CI-, but more so by Br-, I-, and 
NOB-. Mudge showed that CI-, Br-, and NO3- are equally effective in support- 
ing K + accumulation, but that the uptake is appreciably less when C1- is re- 
placed with phosphate or I-. Reference  to the data on S  85 uptake described 
above will show that the only consistent findings  throughout all  the results 
cited are the relatively higher uptakes in the presence of C1- as compared with 
uptakes in which I- is a major anion. 
Study of the effects of alterations of S04- concentration in the external me- 
dium constitutes a different approach to the problem of apparent $3504 uptake. 
Sulfate ion itself might be expected to exist in renal tissue, at least as a product 
of the metabolism of S-containing amino acids (14 and others).  As such, it, or 
labile S-compounds into which SO4- is easily incorporated,  might conceivably 
represent sites of rapid exchange of SagO4 from the medium, quite apart from 
any real  net  SO4  = accumulative process.  The data  presented above,  which 
appear to be  inconsistent with a  simple  exchange  hypothesis, appear to  be 
more consistent with an alternative postulate of existence of a  net accumula- 
tive process for SO4- in renal tissue in ritro. It may be recalled at this point 
that the addition of m-aminophenol, a potential exogenous substrate for ethereal 
sulfate formation in the case of liver, did not enhance S  85 uptake. 
If a mechanism for actual uptake of SO4  = exists in the case of mammalian 
kidney cortex, it must be asked whether this process is related either to normal 
renal sulfate transport, or to other renal accumulative processes demonstrable 
in  vitro.  Some discussion of this question has been  presented elsewhere (1). 
Results summarized in this report indicate that, in the case of the dog in which 
the renal process for sulfate ion transport has been described most thoroughly 
and which  is known to be a  stable reabsorptive process  (7  and  others), S  ~ 
accumulation does occur in vitro. In ~i~o, sulfate reabsorption shows a definite 
Tin, and is depressed by simultaneous elevation of tubular concentrations of 
NaC1 (7, 15). It is inhibited by glucose and amino acids, and markedly enhanced INGRITH J.  DEYRUP  907 
in the phlorhizinized dog (8, 16).  In riro  S  8b uptake shows close  parallels  to 
sulfate reabsorption in these respects. 
All the established  in ~itro  accumulative processes  related  to renal  tissue  •  are 
concerned with compounds normally secreted  by the renal tubules;  i.e.,  trans- 
ported from peritubular  fluid  to tubular lumina. S  s5  uptake has been shown, in 
the present report,  to differ  from these processes in various details,  including 
lack of inhibition  by diodrast and other secreted compounds, and a differing 
pattern of pH and anion sensitivity.  Phlorhizin has an inhibitory  effect  on the 
uptake of  PAH  and phenol red as well  as potassium (4,  5, 12),  in contrast  to its 
enhancing action on tissue  relative  sulfate  volume. Acetate, which increases 
PAH  accumulation specifically,  depressed S  s uptake as did other metabolic 
intermediates tested.  Moreover, S  ~ uptake occurs in the case of  liver  as well  as 
kidney (I),  whereas PAH  accumulation has been shown to be limited to renal 
tissue (5).  Thus, a somewhat better case may be made for the relationship 
between S  e uptake in vitro  and sulfate  reabsorpfion in ~ivo  than between the 
former process and previously established in ~itro  renal accumulations.  The 
possibility that apparent S  as uptake reflects a special renal metabolism  of 
sulfur and/or sulfur-containing compounds  continues to exist,  however, and 
experiments  to explore this  possibility  further are in progress. 
SUMMARY 
Additional studies have been made  of the accumulation  of S  s5 by renal 
cortical tissue  incubated in media containing radiosulfate. This process was 
found to  occur in  several  mammalian species  in  addition to the rat,  but was not 
observed as a significant  occurrence in three species  of lower vertebrates. In 
the case  of rat renal tissue,  S  as  uptake was found to be sensitive  to the pH and 
osmoiar concentration of the medium. The character of the anions present in 
conjunction with K + affected  it  as well.  Various factors  known to be related  to 
in vitro  accumulative processes,  as well as to renal  sulfate  reabsorption by the 
intact  dog, were tested  on rat  kidney cortex to assess  the effect  on mdiosulfate 
uptake. In general,  all substances tested (amino acids, metabolic  intermedi- 
ates,  ATP, metabolic inhlbitors,  competitive inhibitors  for PAH  accumulation 
in  vitro)  were found to  lessen  S  s5  uptake, or to  be without effect  upon it.  The one 
striking exception was phlorhizin, which enhanced  markedly  S  85 uptake in 
vitro,  as it  does sulfate  reabsorpfion in ~/vo.  Some implications  of these  findings 
have been discussed. 
It  is  with  pleasure  that  acknowledgment is  made of  the  careful  and skilled  assistance 
of Mrs. Jean M. Conklin in this  investigation. 
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